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Metallicity and its low-temperature behavior in dilute two-dimensional carrier systems

S. Das Sarma and E. H. Hwang
Condensed Matter Theory Center, Department of Physics, University of Maryland, College Park, Maryland 20742-4111, USA
(Received 17 November 2003; published 18 May 2004

We theoretically consider the temperature-dependent and density dependent transport properties of
semiconductor-based two-dimensioit2D) carrier systems within the RPA-BoltzmarfRPA, random-phase
approximation transport theory, taking into account realistic screened charged impurity scattering in the
semiconductor. We derive a leading behavior in the transport property, which is exact in the strict 2D approxi-
mation and provides a zeroth-order explanation for the strength of metallicity in various 2D carrier systems. By
carefully comparing the calculated full nonlinear temperature dependence of electronic resistivity at low
temperatures with the corresponding asymptotic analytic form obtained ifVihe— 0 limit, both within the
RPA screened charged impurity scattering theory, we critically discuss the applicability of the linear
temperature-dependent correction to the low-temperature resistivity in 2D semiconductor structures. We find
quite generally that for charged ionized impurity scattering screened by the electronic dielectric function
(within RPA or its suitable generalizations including local-field correctiorihe resistivity obeys the
asymptotic linear form only in the extreme low-temperature limiT 6f<0.05. We point out the experimen-
tal implications of our findings and discuss in the context of the screening theory the relative strengths of
metallicity in different 2D systems.
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[. INTRODUCTION dence ofp(T) in the metallic phase. We use the well-
established RPA-Boltzmann transport theory for calculating
A great deal of attention has recently been focused on thg(T) for 2D carrier systems, taking into account resistive
temperature dependence of carfieoth electrons and holes, scattering of the carriers by RPA-screened charged impurity
depending on whether the two-dimensiof2D) system isn  random potential. The basic physical picture is that of a
doped orp doped—in this paper the terminology “electron” strongly temperature-dependent effective disorder seen by
or “electronic” generically refers to electrons or holes de-the 2D electrons at low carrier densities due to the
pending on the 2D system being considénessistivity p(T) temperature-dependent screening of charged impurity scat-
at low temperature@nd densities following the pioneering tering which gives rise to the dominant resistive mechanism
experimental report by Kravchenko and collabordtdhat  in semiconductors at low temperatures. We have earlier ob-
the measured low temperatys€T) shows very strong “me- tained qualitative agreement with experimental low density
tallic” temperature dependengee., p(T) increasing withT]  p(T) measured in Si-MO% p-GaAs!® SiGel* Si-MOS
at some intermediate densitiébe so-called metallic or the with substrate bia¥> andn-GaAs 2D structuré$ using this
2D “metal” phase eventually making a transition to a microscopic screening theory approach. For higher carrier
strongly insulating state at low carrier densiti@3.([At high  densities, however, this screening theory is knta pro-
electron densities p(T) shows weak temperature vide an excellent quantitative description of 2D carrier trans-
dependendcesimilar to 3D metald.In particular,p(T) could  port.
increase by as much as a factor of 3 in 2D Si metal-oxide- In this paper we consider, motivated by recent theoretical
semiconductor field-effect transistdMOSFET'S (for n and experimental development, the leading-order tempera-
~10'" cm™?) as temperature changes from 50 mK to a fewture dependence of the 2D metallic resistivity in the low
kelvin.®* While this metallicity[in this paper “metallicity”  temperature T/Te—0, limit (where T=Eg/kgxn is the
or “metallic behavior” will exclusively signify the unusually 2D Fermi temperatujeand provide a qualitative explanation
strongT dependence gi(T) in the metallic phase above the for the relative strength of metallicity in various 2D systems.
critical density at which the system makes a transition to theSuch a unifying qualitative explanation for the relative me-
manifestly insulating phagds by far the strongest im-Si tallicity strengths in different materials has so far been lack-
MOSFET 2D structures, the phenomenon has by now beeimg in the literature. The 2D metallic phase is unusual in the
observedwith large quantitative variations in the strength of sense that the usual 3D metals do not exhibit strongly
the metallicity in essentially all the existing low density 2D temperature-dependent resistivitynless of course there is a
semiconductor systeffist such asp-GaAs,p- andn-SiGe,  superconducting transition, not relevant for our consider-
Si on sapphirgSO9, n-GaAs, n-AlAs, etc. Our work[we  ation) at low temperaturesT(<5 K), the so-called Bloch-
concentrate here omSi metal-oxide-semiconductgMOS), Gruneisen regime where acoustic phonon scattertng
p-GaAs, andn-GaAs, as representative 2D systénpse-  main mechanism contributing to the temperature dependence
sented in this paper deals with the currently controversiabf resistivity in bulk metalsessentially freezes out. Although
issue of understanding this metallicity from a theoretical perphonon scattering plays a subtkbeit secondanyrole®® in
spective. In particular, we use a conventional Fermi-liquidthe metallic behavior of GaAs-baséabth electron and hole
theory approach in explaining the strong temperature deper2D systems, theoretical calculatidhs®*®definitively show
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phonon scattering to be of little significance in the observedative explanation for the strength of the transport metallicity
low-temperature €1 K) 2D metallicity—in fact, in Si in 2D carrier systems. In Sec. Il we discuss the asymptotic
MOS-based 2D electron systems, where the 2D metallicity isow-temperature T/Tg—0) behavior of the calculated resis-
most pronouncedand first observed phonon scattering tivity in the RPA-Boltzmann model comparing it quantita-
plays no roles whatsoever in(T) for the experimentally tively with the full temperature-dependent resistivity the
relevant regime of <5 K. Phonon-scattering effects, which same modelin order to estimate the regime of validity of the
we have considered elsewh&r&*%in providing an expla- leading-order temperature expansion of resistivity. In Sec. IV
nation for the observed nonmonotonicity(T) at interme-  we consider the various solid-state physics efféetg., the
diate temperaturesT(~1-5 K) in 2D n- and p-GaAs sys- quasit2D nature of the semiconductor layer, the long-range
tems, are not included in the current work since the focus obr the short-range nature of thxare scattering potentiglon
this paper is the behavior op(T) as T/T,—0 where the 2D transport properties. In Sec. V we provide a critical
phonons surely play no roles. We consider only disordecomparison between our realistiout theoretically approxi-
scattering due to random charged impuriti@ad surface mate RPA-Boltzmann 2D transport theory and a set of re-
roughness scattering, cf. Sec) M this work. cent experimental results in Si inversion layer, concluding
The strong temperature-dependent metallic resistivity irthat our theory, without any adjustment of parameters and/or
low-density 2D systems arise, in our view, from an interplayad hoctheoretical refinement, describes well the observed
in the disorder scattering between finite temperatareeven  experimental temperature dependence down to a carrier den-
“high” temperature in the sense th@T~n"1 is not nec-  sity of about 5< 10" cm~2—for lower densities the agree-
essarily small as it is in 3D metals and could actually be ofment between experiment and theory is at best qualitative
order unity in low-density 2D systems f@r~1 K) and den-  with the actual temperature dependence @F) being stron-
sity dependent 2D screening properties as reflected in thger than the calculated(T). We conclude in Sec. VI with a
dimensionless parametgfg/2ke~n~ Y2 whereq;r andke  discussion of the implications of our results.
are, respectively, the 2D Thomas-Fermi screening wave vec-

tor and the Fermi wave vectdt The fundamental difference Il. DENSITY-TEMPERATURE (qy,t) SCALING OF
between the semiconductor-based 2D metals of interest to us METALLICITY

in this paper and the usual 3D metals is the great discrepancy ] ]

in the magnitudes of /T andqr/2Kg in the two systems: In the RPA-Boltzmann theorycf. Appendiy the dimen-

In 3D metals T/Tg~10 % for T~1 K whereas T/Tp  Sionlessrs parameter(the so-called Wigner-Seitz radius
~0.1-1 in 2D semiconductor systems, apgk/2ke~1 in  characterizing the electron-electron interaction strength in
3D metals whereas¢/2ke varies between 0.1 and 20 as fthe 2D system doesot play a fundamental role in determin-
carrier density is changed in the 2D systems. In additiodNd the temperature dependencepgil) except so far as,
static screening has qualitatively different wave-vector dedetermines the dimensionless parameféf$e (=t) and
pendence in 2D and 3D systems, leading to the observeliTe/2ke (=0o) through the carrier density. We believe that
strong metallicity in various 2D systems. In 3D metals thethe fundamental minimal parameters determining the zeroth-
low-temperature resistivity arises almost entirely fromorder 2D metallicity, i.e., the temperature dependence of
temperature-independent short-range disorder scattering(T.n) in the putative metallic phase ateand q. In par-
which leads to exponentially suppress@{e”"TF), tem- ficular, for 2D systems it is easy to show thaf
perature dependence in the resistivity, and any residual smait 9y 7s/v2 andt= (kg T/Ry)(g,/2)rZ, whereg, is the val-
temperature dependence ifT) is contributed by phonon ley degeneracy of the relevant semiconductor mat¢gal
scatterindwhich produces the well-known Bloch-Greisen =2 for Si(100-MOS structuresg,=1 for p- and n-GaAs
behavior, p(T)=~po+ATS, where the temperature- system§ r¢=(mn)"Y%ag is the usual dimensionless
independent contributiop, arises from short-range disorder Wigner-Seitz density(or interaction parameter withag
scattering whereas the very weak temperature dependeneex’i’/mé” as the effective semiconductor Bohr radius (
characterized by the second term arises from highly supandm are the background dielectric constant and the carrier
pressed phonon scattering at low temperafui®g contrast,  effective mass, respectivélyand Ry=e?/(2xag) is the
low-temperature transpofheglecting weak-localization ef- natural atomic energy unieffective Rydbergfor the semi-
fects in 2D metallic systems of interest to us is dominatedconductor. We find that the existing experimental data for the
mostly by screened disordered scatterifig., p(T)=p, metallicity in various 2D semiconductor systems approxi-
+ A p(T) with both p, and A p being determined essentially mately obeys the two-parameter scaling behavior
by disorder forT<5 K], which can be strongly temperature A p(T,n)/po~F(t,do), whereF is a smooth and approxi-
dependent at low densities by virtue of large possible valuegately universal function ofj, andt for all 2D metallic
of the relevant parameter§/Tr (~1) and gre/2ke  Systems, as implied by the screening theory. In particular, a
(~10-20) at low densities and temperatures in 2D semicondirect consequence of this theoretical prediction is that the
ductor structures. All localizatiofes well as interaction ef- temperature dependence pfT) should correlate with the
fects beyond RPPAeffects are ignoretin this paper. parametel in different materials when expressed in terms
The paper is organized as follows. In Sec. Il we discuss &f the dimensionless temperature(\We note that the func-
scaling property(see Appendix for the theorof the Boltz-  tional dependence <uf0~gf’2rS is not only different from the
mann theory resistivity within the RPA screened charged imdimensionless density parametey, but also from the di-
purity scattering model, which provides a zeroth-order quali-mensionless ratio of the Fermi energy to the Coulomb energy
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in the system which goes agrs.) Theoretical details and 3
the equations for our 2D RPA-Boltzmann theory are given in
the Appendix of this paper where we derive this scaling law.
We note that the scaling behavidrp/py~F(t,qp), with t
=T/Tg andqo=097e/2kg, derived in this paper isxactfor
RPA screened charged impurity scattering in the ideal 2D
limit in contrast to various other scaling behaviges.g.,
Refs. 12, 13, and 1&liscussed earlier in the literature which
are all approximate scaling behavior valid only in limited
range of parameters. 0 ‘ ' ‘ ‘
This zeroth-order functional dependence bmnd qq, 0.0 02z 04 06 08 1.0
Ap(T,n)=Ap(t,qp), in fact, provides a minimal explana- T/Te
tion for the observed strong variation in the 2D metallicity  FiG. 1. Calculated\p=p(T,n)— po, Wherepo=p(T=0), for
not only for various densities in the same material but forvariousq,= g/2ke =5, 10, 15, 20from the bottor as a function
different materials at equivalent densities—for example, Siof t=T/T for Si MOSFET. The soliddashedllines indicate resis-
MOSFET based 2D electron systems manifest much strongdivities from interface(bulk) charged impurities.
metallicity compared wittp-GaAs orn-GaAs based 2D sys-
tems even at the samg value becaus@,=2 (1) in Si  fects associated with subband quantization and disorder po-
(GaAs. Takingrg to be the critical parameter determining tential make the simple two-parameter screening picture of
metallicity fails to explain why the 2[p-GaAs system shows A p(T,n) dependent only o, andt quantitatively inaccu-
weaker metallic behavior, even though it typically has muchrate, but the simple picture applies surprisingly well on a
largerr, values (s~ 15—-40) than the Si system. The screen-zeroth-order qualitative level as can be verified by compar-
ing theory provides a simple explanation for this observatioring the experimentally observed metallicity strengths in Si
by virtue of g, being larger(by a large factor ofy/8) in Si  MOS, p-GaAs, andn-GaAs structures where the metallicity
than in GaAs for the same, value. Thus, Si MOSFET 2D scales approximately wit), andt providedT is low enough
metallicity atr=10 should be approximately comparable to SO that phonon effects could be ignored in the GaAs system.
a GaAs 2D metallicity at,=10,/8~28 when expressed as a The crucial point we are making in this paper is that strong
function of the dimensionless temperature variatile Metallicity manifests itself in low-density 2D systems be-
=T/T¢. This predicted correspondence in the relative me£ause the control parametegg=n~*Z andt=n" are large
tallicity in terms ofq, andt is consistent with the experi- Only for low carrier densities and not becauseis large—
mental observations in these systems. We emphasize, ho2r example,n-Si MOS system and-GaAs system show
ever, that this Correspondence is expected to work on|y on more than an order of magn|tude different metallicities for
zeroth-order qualitative level and should not, by any meandhe same s value because, andt are much larger in Si than
be construed as a precise quantitative prediction. This is didd N-GaAs (Ap/p, increases by a factor of 3 in Si MOS
cussed with theoretical details in the Appendix. For exampleSystems of Refs. 1 and 15 fog=10 whereas it increases
the form factor effects associated with the quasi-2D subban@nly by about 25% in theé-GaAs system of Ref. 16 farg
quantization do not scale with the density paramgggrand ~ =10). Within a specific materials system, however, the
will necessarily affect different systems in different mannersdependence of the resistivity becomes completely equivalent
since the associated effective masses, the dielectric coi® anrs dependencgsinceg, is a constant for a given sys-
stants, the depletion charge densities, and the confinemet&m, andqozgﬁ’zrslﬁ) as one would expect—it is only in
potentials, which together determine the form-factor, are difcomparing different systemg.g., Si and GaAsthatqg, and
ferent in different systems. Similarly, the bafee., un- rg dependence are not equivalent.
screenegdisorder will certainly depend on the system vary- In Fig. 1 we show our calculated(T,n), depicted in
ing qualitatively among different systems and materialsterms of the dimensionless variablgg andt, for a strictly
which could lead to substantial quantitative deviations from2D system using Si MOS parametdisg., effective mass,
our predictedp(qg,t) scaling based on the temperature- dielectric constant, etcand assuming the disorder scattering
dependent screening argument. For example, in Si MOS0 be entirely due to finite temperature RPA-screened
FET's transport is dominated by interface scattering—bottcharged impurity scattering. Results shown in Fig. 1 demon-
by long-range potential scattering due to ionized impuritiesstrate the importance of the dimensionless screening param-
located near the Si-SiOnterface and short-range scattering eter qo(=qr/2kg) as the relevant control parameter in de-
by interface roughness fluctuations inherent at the Si;SiOtermining the strength of metallicity in 2D systems. In
interface. In GaAs structuregoth p and n), scattering by particular the maximum relative change in the resistivity
(unintentional background charge impuritiéand less so by Ap/py ranges from about 40% fogy=5 [which corre-
remote charge dopantsominates at the highest mobilities sponds to a Si{100 inversion layer carrier density af
with phonon scattering being non-negligigigthough smajl  =11x10' cm 2, T-=80 K] to almost 300% forgy=20
down toT<1 K. In addition,p-GaAs structures most likely (corresponding tov=7x10"cm 2, Te=5 K) ast=T/T¢
also have significant spin intersubband scattering within thehanges from 0 to 1 in Fig. 1. Therefore, the RPA results of
spin-split valence bands. The nonuniversal quantitative efFig. 1 indicate an increase of resistivity by about 10% and
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300%, respectively, for carrier densities %.10*? cm 2 and e
7x10° cm~2 in Si MOSFET's for a change iff of 05 K, 3.0t ]
assuming that the system remains metallic. It should be 2.5 Fes
noted that the maximum A\ p/p shifts to higher values of $ ool G | z
t (=T/Tg) for higher (lower) values ofg¢/2ke (n), and >~ 2.0 ! /- omiosee
phonon effectgignored in our consideratiorwill play in- 25 ‘ 1
creasingly important quantitative role in the temperature- = iii oo
dependent resistivity fof >5 K. These two facts together 1.0¢ g [@
make the metallic behavior relatively even more important at 0.5} o
lower densm_es, or equalently, higher valuesqaf o 0.0 ‘ R
A comparison between solid and dashed lines in Fig. 1 00 02 04 06 08 1.0
shows the quantitative importance of the nature of impurity /1,

scattering in determining the temperature dependence of re-

sistivity: in general, charged impurities randomly distributed ~ FIG. 2. The main figure shows the scaled resistivity as a func-
in the 2D layer itsel{bulk disorder shown by dashed lines in tion of t=T/Tg for Si-MOSFET,p-GaAs, andh-GaAs with a fixed
Fig. 1) lead to stronger temperature dependence than inteﬁD=_15' For pure 2D sys_tem t'he_calcula_lted_re5|st|V|t|es yield p_erfect
face disordersolid lineg associated with charged impurities SCaling for all systeméhin solid ling. Thick lines show the scaling
distributed randomly at the semiconductor-insulator inter-fOr uasi-2D systems. 1'” m_sz(a@ the comparison of the metalicity
face. This is precisely what is expected since screening e{or f'xed. densityn=10"" cm * is given as a.fu.nf:t'on o.fatempera'
fects should be the strongest when charged impurities anclilre' In inset(b) we show the change of resistivity for fixed value of
the carriers are distributed in the same region of space withs =8 s @ function of =T/Te..

no spatial separation. It may also be worthwhile to mention[:.r/.rF is approximately similar in the three systems with-

in the conti%of F'g' 1 _that the experlmenta_l Si INVErsion perfect scaling. The deviation of scaling is mostly due to
layer syste manifesting the most dramatic metallicity form factor effects. Since the electron effective mass in

(i.e., large changes i\ p/py as a function of temperature : _
; L s ! N ; n-GaAs is small (h=0.067n,), extremely low values of
gplcillytnavegslr(])l cm cor:e?pont(jlng tﬂlot 15:120 md carrier density are required in 2B-GaAs systems for ob-
g. 1, thereby showing a relalive temperature depen er]sterving appreciable screening-induced temperature depen-

change in resistivity of about 100—-300 % &sT. varies dence as has been recently reported in Ref. 16
from zero to 0.5. Thus the results in Fig. 1 are in reasonable T

gualitative agreement with experimental results as we have
emphasized elsewhet&Scattering mechanism not included
in the theory(e.g., surface-roughness scattejiagd higher- Since the behavior af p(T,n) for finite T is necessarily
order interaction effects will certainly modify the quantita- nonuniversal for reasons discussed above, recent attention
tive details of the reSUItS, but it is grat|fy|ng to see that ahas focused on the very |Ow_temperature beha\nqy(ﬂ'b in
zeroth-order Boltzmann transport theory including only RPAthe t=T/T-—0 limit. In particular, it was realized a long-
screened charged impurity scattering provides a reasonabigne agd®? that Ap(T,n) derived from the Boltzmann
qualitative description of the observed metallicity. theory within the relaxation-time approximation for RPA

In Fig. 2 we show the calculatetip/p, for three different  screened disorder scattering has the following expansion in
2D systems for a comparison of their metallicitg00) n-Si. 2p systems:

inversion layerp-GaAs heterostructure, amdGaAs hetero-

structure. We have shown the results for the same values of Ap(T,n) pg=~Cyt+Cgpt¥?+ . .. (1)
carrier densi arameter, andq(= 2kg) parameterin . _ : -
order to emtgrhsapsize the impgft(ancc:gﬂof Ft)hg dimensionles¥' the asymptotid—0 regime. The coefficients, andCs
screening parametey, in determining the temperature de- were f|rstvngut incorrectly calculated by Gold 'and
pendence. As emphasized above, for the same values of Cz%plgopqlo - We have recalculate@, and Cgp, and find
rier density[see inset(@)], the metallicity is the strongest the original resu_lts_ in Ref. 20 to be |r_1correct..We calculate
(weakestin the Si (1-GaAs system with the»-GaAs system the correct coefficientdfor RPA screeningto be:

Ill. LOW-TEMPERATURE ASYMPTOTIC BEHAVIOR

being intermediate. For the same valuer gparametefsee Ci=2(1+1/af) 1 2
inset (b)] the metallicity depends strongly on the valley de- 1=2( Gof) (23
generacy, but weakly on the other parameters. The mass of Capp=2.64G 1+ 1igof) 2, (2b)

the carrier dose not change the metallicity for the same

parameter, which gives exactly the same resistivity behaviowhereqy=grg/2ke (as defined aboyeand f=f(2kg) is the

for p-GaAs andn-GaAs if we use the same material param-appropriate quasi-2D subband form-factor at the wave vector
eters except mass. In the main figure we show the metallicitgkg (in generalf<1 with the strictly 2D limit beingf=1,

for equivalentqy= 15 parameter values in all three systems.see Appendix Our calculatedC; agrees(in the strictly 2D
The thin solid line shows that the temperature dependence lgnit of f=1) with the recen{Hartreg result given in Ref.
scaled perfectly for the pure 2D systems, as proven in th@l and disagree with that of Ref. 20 whose incorrectly cal-
Appendix. For quasi-2D systems, however, the scaled resisulatedC, is larger by a factor of 2In2i.e., about 40%
tivity expressed as a function of dimensionless temperaturbighey. Our calculatedC;,,~2.65 is 28% smaller in magni-
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tude than the incorrect value=3.4) quoted in Ref. 20. We the measured conductivity essentially never manifests a lin-
note that the errors in Ref. 20 led to a large overestimate ofar temperature dependence except at very high densities
the asymptotic temperature dependencg(d) in the Gold-  where the RPA-Boltzmann semiclassical transport theory is
Dolgopolov formula® which we now correct. An important quantitatively accurate.
recent theoretical development in the subject has been the In view of the complementary nature of these two theories
demonstration by Zalat al? that the leading-order linear it becomes important to ask about the regime of validity of
result given in Eq(1), in fact, survives(albeit with C; re-  the linear approximation inherent in the interaction theory.
placed by an unknown Fermi-liquid paraméterclusion of ~ This issue becomes particularly crucial since most of the
higher-order electron-electron interaction terms in the theoryeXistingp(T) data in the putative 2D metallic phase does not
of which screening is only one particular aspect. In particufollow a linear temperature dependence over any appreciable
lar, the leading-order temperature dependence in the interatemperature regime in the lowest-temperature rafige,
tion theory of Zalaet al. contains theC; term of our Eqs(1) ~ T/Tg<<1). The situation becomes more complicated with the
and (2) as the so-called Hartree term in the language ofealization that the “strong” conditiorithe “weak” condi-
Ref. 21. tion beingT<Tg) for the validity of the interactiortas well

A thorough understanding of this first-order linear term inas the screeningtheory is thatTp<T<Tg, where Tp
the theory has taken on significance in view of the existence=#/(7Kg) is roughly the so-called Dingle temperature with
of the Zalaet al? work, and even more importantly, because 7 being theT=0 limit of the transport relaxation timg.e.,
of the several recent attempté??°to compare experimental 7=m/(n€?*py)]. In the screening theory, cuts off the tem-
results to the interaction theory. The interaction theory conperature dependence of screening To=Tp (making the
siderably extends the screening thethrough the inclusion disorder to be effectively temperature independent Tor
of higher-order interaction correctiongut is unfortunately <Tp) leading to a suppression in the temperature depen-
constrained at this stage to only the leading order result in dence ofp(T) whereas the interaction theory is by construc-
and therefore applies only at very higlow) densitiestem-  tion a theory of ballistic transport developed in the
peraturé so that the constraints<1 andAp/py<1 are sat- #/(7kgT)<<1 limit (and then theT/Tg<1 limit is taken to
isfied. The two theories are thus complementary—the screembtain explicit asymptotic resultsThe T cutoff in the tem-
ing theory being an approximate thediyecause it includes perature dependence p{T) for T<Tp is extremely well-
only the screening part of the electron-electron interagtionmotivated physically within the screening theory, and has
for all t (in fact, its accuracy improves with increasingince  been discussed in details in the literatdré'%as the reason
the RPA becomes exact in the classical high-temperaturtor the need of low disordefor equivalently, high mobility
limit) whereas the interaction theory is presumably an exaawith concomitant low values of ;) samples to observe 2D
leading-order irt (within the perturbative Landau Fermi lig- metallicity (low density is also required in the screening
uid theory schemetheory ast—0. This obvious comple- theory for strong metallicity so as to produce large values of
mentarity of these two approaches has not been emphasiz&dT at low temperatures and to mage-/2kr large enough
in the recent literature where some recent publications hav® have strong screening efféctWe will mostly ignore the
even presented the misleading and incorrect viewpoint oDingle temperature effects in the theory by assumiig
these two approaches as mutually exclusive competing thee=0, but in comparing experimental data to the interaction
ries. It is important to emphasize that the interaction thébry, theory the ballistic limit is an important constrain to remem-
by construction, applies only when the temperature correcber. In particular, in many experimental situations the con-
tion to theT=0 conductivity is small, i.e., the theory of Ref. straint#/(7kg) <T<Tg necessary for the application of the
21is a leading order theory for small temperature correctiongallistic limit interaction theory may not even exfst.
to the T=0 conductivity asT/Tr— 0. By definition, there- To address the important question of the regime of valid-
fore, this interaction theory cannot explain the strong metality of the asymptotic linear approximation we have carried
licity or the large temperature-dependent changes in the resut a careful comparison between the lingaapproximation
sistivity reported in the literature. The real significance of[Egs.(1) and(2)] and the full numerical calculation @f(T)
Ref. 21 is strictly theoretical—it shows that the metallic be-within the RPA-Boltzmann theoryThese results are pre-
havior given by Eq.1) within the RPA-Boltzmann theory sented in Figs. 3 and ¥The important conclusion drawn
survives higher-order electron-electron interaction correcfrom this comparison is that the regime of validity of the
tions in the T/Tg—0 limit [provided that the “ballistic” asymptotic linear formula/ p/po~O(T/Tg), is extremely
transport conditiorkg T>#%/7, wherer is theT=0 transport  restricted, and at least for the RPA screened disorder scatter-
relaxation time ¢=m/ne?p,), is satisfied, i.e., the tempera- ing, the linear approximation holds only in the very low-
ture is in the intermediate rangg->T>#/7kg]. We note  temperature limit off/Tz<0.05, which, in general, is not in
that the necessary condition minimally required for a com-the ballistic regime except at very high densities where the
parison between experiment and the interaction theory is thahetallicity is very weak. We therefore conclude that the low-
(1) the experimental conductivity must show a linear tem-temperature asymptotic linear regime, while being of sub-
perature correction in the intermediate temperature regimstantial theoretical interest, is not of much experimental rel-
Te>T>#/7kg, and(2) the temperature correction to tiie  evance sincé\p~T only for temperaturegdensities much
=0 conductivity must be small. Most experiments on 2Dtoo low (high) to be of experimental interest. Our conclusion
transport do not satisfy these necessary conditions for coms based on a comparison of the asymptotic analytic liffear-
parison with the interaction theory, most particularly becauséormula with the full T-dependent calculation only for the
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FIG. 3. p(T) for a Si-MOSFET with densityn=56.0, 12.0, I ayzoa i (b)
7.0x 10'° cm~2 (from the bottom. Solid lines indicate the full RPA g /
screening theory, dashed lines the asymptotic approximations with Fosp
only the linear term, and dot-dashed lines with both @{d) and < 4 ° ]
O(T%?) terms. For clarity we use offset by 0.5 for lower densities. > I 7 S
The inset shows(T) on an expanded temperature scale. L;:

. _ < 2 1
RPA screening theorfbecause this is the only theory where
both the asymptotic result and the full result can be calcu-
lated, but we believe our conclusion to be quite generally 0 ,;:-T—;‘;’—"’I" :
valid, and even for the interaction theory we expect the low- 0.0 0.2 04 06 08 1.0
T regime of validity of the lineaT formula to be too re- /1,

stricted to be of much experimental relevance. This is con-
sistent with the existing experimental results where the con- FIG. 4. Calculategh(T) as a function of =T/ T (a) for p-GaAs
ductivity is never precisely lineatat low temperaturgs —with densityn=21.8, 5.45, 1.38 10'° cm™ 2 (from the bottorh and
essentially at any carrier densities, except perhaps at verp) for n-GaAs with densityn=6.1, 1.5, 0.3& 10° cm™? (from the
high carrier densities where the RPA-Boltzmann theorybottom by considering only scattering from a uniform random dis-
should be quantitatively valid. tribution of ionized impurities in the quantum well. Solid lines in-
In Fig. 3 we show our calculates(T) for three densities dicate Fhe full RPA screeningl results, dashed lines the a§ympt9tic
in the (100Si MOS 2D electron system in both the full RPA approximations with only the linear term, and dot-dashed lines with
. . . . . 3/
screening theory and in the asymptotic approximations keeg2oth theO(T) andO(T ) terms. Offset by 0.5 for lower densities
ing only the leading-order linear term and both ®ET) and is used. The |ns_et ite) showsp(T) for charged impurities at inter-
O(Ts/z) terms in Eq.(1). We have assumed scattering from aface. The inset irib) shoyvs;?(T) for scattering by remotg charged
T ; " .~ dopants atl=100 A (solid lines andd=300 A (dashed lineson
random distribution of charged impurities located at the iN- 11 expanded temperature scale
terface, and subband form-factor effects have been included' & P '
in both calculations equivalently. The inset showd) on
an expanded temperature scale. n-GaAs because of its very low band effective mass. The real
In Fig. 4 we show similar comparisons between the calimportance of the actual random impurity distribution in the
culated fullp(T) and the asymptotic analytic approximations System(usually not known and has to be inferred from a
for 2D GaAs holes and electrons in their experimentally rel-comparison of the transport data with theoretical calculations
evant density regimes of interest. For these two systems wassuming specific impurity distributiongn affecting (both
show results for two different impurity scattering mecha-qualitatively and quantitative)ythe p(T) behavior is appar-
nisms for the sake of completene&aso for the sake of entin the results of Fig. 4: The strongest temperature depen-
consistency with the experimental GaAs systems where indence arises in the situation where the charged impurities are
terface charged impurity scattering is typically less importantandomly distributed in the 2D layer of the carriers and the
than in SiMOSFET’s In particular, we give results for scat- weakestT dependence arises in the modulation doped situa-
tering by a uniform random distribution gfinintentional  tion (particularly for densities low enough so thakg2
background ionized impuritieevhich are invariably present =1) with the interface disorder case being intermediate.
and are usually the dominant scattering centers in the GaABhis dependence on the details of disorder is easily under-
samples of the highest mobilitiesand by remote charged stood within the screening theory by considering the role of
dopants(assumed to be randomly distributed in a 2D plane2kg scattering in transport: Modulation doping wittkgd
separated a modulation distancedfrom the 2D electron =1 essentially completely suppresses large momentkm 2
layen), the so-called modulation doped situation. It is obviousscattering even at low temperatures because ofetif&rd
from Fig. 4 that 2Dn-GaAs system not only has the weakestterm in the form factor drastically reducing the temperature
temperature dependence but also exhibits essentially no cledependence due to screened impurity scattering whereas
linear temperature regime. This is consistent with the verycharged impurities distributed randomly in the 2D layer
weak screening propertigaind large values oEg) of 2D  maximizes X scattering for a given system. The interaction
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FIG. 5. The calculated pure-2dashed linesand quasi2D FIG. 6. The calculated temperature-dependent resistivities for
(solid lineg temperature-dependent resistivity for screened bulkrealistic long-range charged impurity scatteriisglid lines and for
charge impurity scatteringa) for Si-MOSFET withn=10, 20  hypothetical short-ranges-function impurity scattering(dashed
X 10 cm™2, (b) for p-GaAs withp=2.0, 5.0< 10'° cm™2, and(c) lines) (a) for Si-MOSFET with n=10, 20<10*° cm™2, (b) for
for n-GaAs withn=0.5, 1.0< 10'° cm 2. The lower lines represent p-GaAs withp=2.0, 5.0<10'° cm 2, and(c) for n-GaAs withn
higher densities. =0.5, 1.0 10'° cm~2. The lower lines represent higher densities.

theory of Zalaet al*' had to make the drastic approximation calculated 2D and quasi-2D temperature-dependent resistiv-
of a zero-range white-noise impurity disorder potential, thusty for screened bulk charge impurity scattering, finding that
drastically(and artificially enhancing the & scattering. In  the metallicity is substantially overestimated in the strictly
real systems, other things being eq(ia., the mobility, the  two-dimensional approximation. Thus, it is essential to in-
density, and the 2D systenthere would be a strong depen- ¢jyde the quasi-2D nature of the semiconductor system in
dence of the detailed behavior pfT) on the actual random grder to obtain quantitatively accurate temperature depen-
impurity distribution in the system through the form-factor gence although the 2D approximation is qualitatively correct.
effect. (NOte that the lowF asymptotic linear formula does In F|g 6 we ShOW a Comparison between the resu|ts Ca|_
not depend on the impurity distribution or on the range ofcylated for realistic long-range charged impurity scattering
disorder scattering, but its temperature regim_e o_f validityang hypothetical short-rang®function (in real spacgimpu-
may very well depend on the nature of scattering in the 2Qyjty scattering(both equivalently screened by the finite tem-
system) perature RPA dielectric function of the 2D carrieM/e point
out that the dominant disorder in 2D semiconductor systems
arises from long-rangéCoulomb charged impurity scatter-
ing. In Fig. 6, the calculated temperature dependence is ob-
viously substantially stronger for short-range bare disorder. It
We now discuss the quantitative significance of variougs important to emphasize in this context that the leading-
solid-state physics effects on the 2D metallicity. The specifioorder asymptotic dependence &fp/pg on T/Tg is indepen-
effects we discuss are the quasi-2D nature of the semicorientof the range of the bare disorder since it depefrsi®
ductor layers under consideration and the nature of bare inEgs. (1) and (2)] on the electron-impurity interaction only
purity disorder(i.e., long range versus short range deter-  through V¢;(2kg), i.e., through the constarmomentum
mining the temperature dependence of 2D resistivBpth ~ spacé impurity potential defined at the wave vectaor
of these effects are ignored in Ref. 21. The inclusion of the=2kr, making long- and short-range bare disorder com-
quasi-2D form-factor effect in the interaction theory is pletely equivalent for the low-temperature asymptotic tem-
straightforward, but the inclusion of long-ranged bare disorperature dependence. On the other hand, the full temperature
der, e.g., charged impurity scattering, in the interactiondependence depicted in our Fig. 6 manifestly demonstrates
theory is nontrivially difficult) In Fig. 5 we compare the that, except at the lowest valuestef T/Tg<0.1, the actual

IV. SOLID-STATE PHYSICS EFFECTS: QUASI-2D LAYER
WIDTH AND BARE IMPURITY POTENTIAL RANGE
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temperature-dependent resistivity depends quite significantilgumber of adjustable free parameters characterizing different
on the range of bare disorder with short-range bare disordekinds of disorder assumed to exist in a system one may very
providing substantially stronger temperature dependenceell be able to obtain essentially completeut, meaning-
than the long-range Coulomb disorder due to randomesg agreement with experimental data for any particular
charged impurity scattering. Since we have already argued isample.
Sec. Ill that the asymptotic linear temperature dependence With all these caveats in mind we carry out a comparison
does not really apply, except at extremely low temperaturesetween our theory and a recent set of experimentaftata
(or high carrier densitigs the range of impurity disorder for p(T,n) in a Si MOS system. The specific sample we
potential takes on special significance in the theoreticathoose for this comparison is the Si-22 saniskee Fig. 1a)
analyses. of Ref. 22 with a quoted “peak mobility” of
33000 cmd/Vs. In Ref. 22 a series of(T) curves, forT
~0.5 K-5.0 K, are presented for this sample in the 2D car-
rier density range oh=(5.7-35.7)X 10" cm~? with the
Although the primary goal of this article is to establish typical resistivity values spanning between 0.002% to
and clarify certain theoretical principlés.g., the validity of 0.02h/e?. The temperature induced fractional change in
the asymptotic low-temperature expansion, the strength gf(T) in this 0.5-5.0 K temperature window spans between a
metallicity as reflected in the,, to scaling behavior, the few percent at higher densities to about 35% at the lowest
importance of various realistic solid-state physics effectglensities. Visually thep(T) curves of Fig. 1a) in Ref. 22
such as the long-range versus the short-range nature of tlserresponding to the Si-22 sample all seem to obey the
bare impurity disorder potential or the quasi-2D nature of theasymptotic linear temperature dependence although, in gen-
semiconductor systems of experimental interegthin the  eral, there is significant deviation from linearityth at the
RPA-Boltzmann theory of 2D carrier transport in semicon-lowest (<0.5 K) and at the highest<{5 K) temperatures.
ductor systems, it is important to ask about the empirical In Figs. 7 and 8 we show our calculatedT,n) for the
validity of the zeroth-order RPA-Boltzmann theory in the Si-22 sampl& within the RPA-Boltzmann transport theory
context of the large amount of the available temperatureassuming screened disorder scattering. In Fig) We show
dependent 2D transport experimental data. We have in fadhe calculated RPA-Boltzmann resistivity, assuming only in-
carried out a number of comparisons between our theory anrface(or oxide charged impurity scattering, for all the den-
the experimentally measured temperature-dependent resistigities corresponding to Fig.(d) in Ref. 22. The results
ity in several different 2D systems of current shown here look qualitatively similar to the experimental
interestt?~16-2325-24t js important in this context to remem- data[cf. Fig. 1(@) in Ref. 22 except that the temperature
ber that such comparisons between experiment and theory éeependence is somewhat weaker in the theory. In Rig. 7
necessarily qualitative in nature since the experimental dataye show the theoretical resulis(T) with T=0.25-6 K, for
even in the same material system, show strong sample tix representative carrier densities=5.7, 6.9, 8.7, 11.7,
sample variations, and the measuggd’,n) in different Si  16.5, 35.% 10 cm™ 2 (top to bottom in Fig. Y using impu-
MOS systems(or for that matter, in differenh-GaAs or rity scattering as the only resistive mechanism in the system,
p-GaAs systemsoften have significantly different quantita- comparing the quasi-2D realistic situation and a long-range
tive (and sometimes even qualitatjivdependence on tem- bare impurity potential with the idealized 2D situation and a
perature and carrier density. This is understandable since di§hort-range bare impurity potential. The two sets of calcu-
ferent samples in general may have significantly differenfated results in Fig. 7 corresponding to the realistic quasi-2D
bare disorder potential and system parameters, and therefosgstem (with finite 2D layer thickness, semiconductor-
a universal quantitative behavior of T,n) cannot be ex- insulator dielectric mismatch, ejcwith long-range bare
pected(since there is no universal quantitative behavior forCoulomb impurities randomly distributed at the interface
the experimental data themselyes (dashed linesand the ideal zero-thickness 2D layer approxi-
The important question therefore is the extent to which amation with zero-ranges-function potentialbare impurity
particular theory explains the qualitative behavior of the ob-scatterersthe model, for example, of Ref. 2providing the
servedp(T,n) in 2D systems. The RPA-Boltzmann theory resistive scattering mechanigsolid lines. We note several
discussed in this paper is unique in this respect since it is thinportant features of the results presented in FiglyThe
only theory which is capable of producing the full tempera-theoretical results fop(T) appear to be approximately linear
ture and density dependent 2D resistivity which can, in prinin T for all the carrier densities, being qualitatively very
ciple, be compared with the experimental data. The theory isimilar to the experimental data shown in Figa)lof Ref.
still not uniquely defined since all the system parameter®2;(2) in spite of this qualitative linearity gb(T), the actual
(e.g., effective mass, depletion charge density, the preciseurves are nonlinear except at the highest densi{@san
metallic carrier density, etc.are never really accurately approximate measur@ctually a lower boundof this non-
known, and more importantly, the detailed quantitative padinearity is the difference between the solid and dashed lines
rametrization of the bare disorder potential is never availablén Fig. 7 since the slopes of the two lines are faenein the
for any sample. In general, there could be many independefit—0 limit where both are strictly linear if/Tg as dis-
sources for the bare disord@:.g., bulk and interface charged cussed above in Sec. Il[4) the calculated results, while
impurities, surface roughness, remote impurities, intervalleyoeing qualitatively similar to the datd,disagree quantita-
scattering, phonons, alloy scatteringnd with a sufficient tively with experiment with the gquantitative disagreement

V. COMPARISON WITH EXPERIMENT
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FIG. 7. (a) Calculatedp(T,n) within the RPA-Boltzmann trans-
port theory assuming only interface charged impurity scattering, for
all the densities corresponding to Figall (Si-22 samplgin Ref.
22.(b) Calculatedo(T,n) with long-range Coulomb impurities ran- 0.022
domly distributed at the interfagelashed lingsand the ideal zero-
thickness 2D layer approximation with zero-rangdunction po-
tential bare impurity scatterersolid lineg for six representative
carrier densities=5.7, 6.9, 8.7, 11.7, 16.5, 35<710"* cm 2 (top
to bottor).
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increasing with decreasing carrier densiy); the unrealistic [ 7 -
strictly 2D approximation with zero-rangé-function bare
disorder potentialsolid lines in Fig. 7 actually agrees much . ' . ' . .

. . o - X 0 1 2 3 4 5 6
betterwith the experimental data than the realistic quasi-2D T (K)
calculation with charged Coulomb impurity scattering as the
bare disorder(dashed lingssince the experimental data of  FiG. 8. Calculatedh(T) for three carrier densitieg) n=21.3
Ref. 22 showsstronger temperature dependence quantitax 10 cm~2, (b) n=10.5< 10" cm™2, () n=5.7x 10 cm™2, in-
tively than the theoretical results of Fig.(igain this is con- cluding realistic surface roughness and interféogide) charged
sistent with the discussion of Sec. IV above whereimpurity scattering. In(c) the thin (thick) solid line represents the
o-function bare impurity disorder and/or strict 2D approxi- result using the band effective maghe measured effective mass
mation turns out to give much stronger temperature deperfrom Ref. 24. HereA is the average displacement of the interface
dence than the realistic quasi-2D system with charged Cowsnd A is of the order of the range of its spatial variation in the
lomb scattering—we emphasize, however, that both direction parallel to the surface.
the solid and the dashed lines have the same slope in the
T/Te—0 limit reinforcing the lack of linearity in the(T) time'® to be the dominant scattering mechanism affecting
behavior. carrier transport in Si MOSFET’s at relatively “higher” car-

To go beyond the qualitative agreement with experimentier densities whence the 2D electron gas resides rather close
depicted in Fig. 7, we consider in Fig. 8 raore realistic  to the Si-SiQ interface making the roughness scattering to
situation taking into account, in addition to the charged Coube significant. We include the surface roughness scattering in
lombic impurity disorder, the surface roughness scattering byur theory in the standard manrérscreening it within the
the Si-SiQ interface which has been known for a very long RPA theory similar to the charged impurity scattering
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theory®® In Figs. §a)—8(c) we show our calculategd(T) for  ionable in the recent experimental wbrk? motivated by the
three representative carrier densitiat for the Si-22 sample asymptotic low-temperature analysis of the interaction
of Ref. 22 n=5.7, 10.5, 21.% 10" cm 2 including realistic ~ theory** As Figs. 7 and 8 explicitly demonstrate, an agree-
surface roughness and interfagexide) charged impurity ~ment between theory and experiment dp/dT in the T
scattering. At higher densities the quantitative agreement be=>0 limit is absolutely no guarantee for a quantitative agree-
tween the realistic calculationsolid line9 including both ~ment between theory and experiment in a reasonable tem-
charged impurity and surface roughness scattering and tHeerature range. Finally, we point out that the_unreallsnc |de_al
experimental data is very good whereas at the lower densitgD approximation and bare zero-range disorder potential
(5.7x 10" cm™2) the agreement is systematically poorer atMmisleadingly provides ‘fbetter” quantitative agreement be-
higher temperatures where the theory consistently underesfiveen theory and experiment, which of course does not mean
mates the experimental temperature dependence. Howeverafything about the physics of 2D carrier systems. We also
we use the actual density dependent effective mass measurB@te in this context that the quantitative agreement between
in the experiment rather than the band mass, we obtain mudh® RPA-Boltzmann theory and the low-density experimental
better agreement between our result and the experimentgfita can be substantially |mpr0\}fédby assuming an effec-
data at low densities. In Fig.(§ we show our calculated tive lower density for thdree carriers(participating in me-
resistivity (thick solid line using the measured effective talllg transporl'than 'the nominal 2D carrier denglty, which is
mass taken from Ref. 24. We note, however, that the effecequivalent to invoking a lower effective Fermi temperature
tive mass renormalizatiofand its effect on transporis a fpr the systentthis could_also arise from an enha_nced effec-
rather subtle issue, and, in spite of the excellent quantitativiVe Mass at lower densities as has been experimentally ob-
agreement obtained in Fig.(@ using the experimentally served, thus effectively enhancing the theoretical tempera-
measured density dependent effective mass, it is uncled¥'® dependence. _
whether the band mass or the renormalized mass should be It is instructive to separate on the possible reasons for the
used in our RPA-Boltzmann transport theory. systematic deviation of the experimentg(T) from the
The quantitative agreement shown in Fig. 8 can be furtheRPA-Boltzmann theory at lower densities<gx 10"
improved by includingoulk charged impurity scattering due €M 2) and moderate temperatures 2 K). There are two
to random ionized impurity centers in the semiconductor mageneral possibilities: limitation or shortcomings of the RPA-
terial itself, whose relative importance increases at loweBoltzmann theoretical scheme and the participation of scat-
densities as the 2D electrons reside on the average mok@ring mechanisms left out of our model. The RPA-
deeply inside S{and away from the interfagelf we include ~ Boltzmann transport theory is obviously quite approximate
in addition scattering byeutralimpurities (with short-range ~ Since it is fundamentally semiclassical in nature leaving out
bare impurity potential in contrast to the long-range barealllmteractlon, Io.callzauon, and quantum mterference. effects.
impurity potential arising from the charged impuritiesve It is, however, difficult to understand why these effeéts.,
can essentially obtain quantitative agreement between theo}gcahzaﬂon, interaction, interferengewhich are left out of
and experiment by suitably adjusting the relative impurityth€ RPA-Boltzmann transport theory, would become quanti-
densities among oxide charged impurities, bulk ionized imfatively more important at higher temperatures. In fact, quan-
purities, and neutral short-range impuritiés addition, of ~tum effects should be progressively weaker ®S in-
course, to short-range surface roughness scatlerBgt  creases, and therefore the systematic underestimation of the
such a parametrized quantitative agreement between theofxpPerimentap(T) in our RPA-Boltzmann theory is very un-
and experiment is essentially a device simulation exercisékely to arise from the theoretical approximations of our
and is completely meaningless from the perspective of th&hodel. We believe that the systematic apparent disagreement
fundamental physics of 2D carrier systems, since it does ndi€tween experiment and theory at higher temperatures and
tell us anything more than what the results of Figs. 7 and dower densities in Fig. 8, if real, must arise from a missing
already tell us. The important point to realize here is thascattering mechanisitneglected in our modgwhich takes
even the qualitatively valid results of Fig. 7 already show thedn significance at higher temperatures. Such additional
same level ofquantitative agreement between the RPA- (high-temperatunescattering may be due to intervalley scat-
Boltzmann theory and the Si-22 data of Ref. 22 as the existtering in Si and/or surface/oxide phonon modes not included
ing agreement among the experimental data from different n our theory.
MOSFET samples at same densities and temperatures—this N discussing the theoretical approximations of our model
can be easily seen just by comparing to the data in Rig. 1 it is important to emphasize, particularly in the context of the
of Ref. 22 corresponding to the Si-22 sample with those irfesults shown in Figs. 7 and 8 for comparison with the data
Fig. 1(b), 1(c) of Ref. 22 corresponding to the Si-15 sample of Ref. 22, that the leading-order single-site scattering ap-
(in fact, sample to sample variations in the obserpéd,n) proximation used in our theory is quite accurate since the
in various Si MOSFET's are typically much larger than thetypical values of kel” (wherekg andl are, respectively, the
quantitative agreement we find without adjusting any paramEFermi wave vector and the carrier mean free patie rather
eters in Fig. 8 Our results shown in Figs. 7 and 8 also large for the results depicted in Figs. 7 and 8. It is easy to
reinforce the real danger of insisting just on “explaining” show that for a 2D systerkel =o/g,, whereo=o/(€?/h)
theoretically the low-temperature slope of the resistivityis the dimensionless conductance of the 2D system. For the
(which automatically assumes a linear temperature depemesults of Ref. 22, as shown in Figs. 7 and 8 of our pdgér,
dence in both resistivity and conductivitgs has been fash- is typically 100 or higher, making the single-site approxima-
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tion well valid. Thus, we do not believe that higher-order phonon scattering must be negligibl@) a clear linear tem-
impurity scattering effectéor localization effectsare impor-  perature dependence in the low-temperature conductivity
tant in the regime of density and temperature covered in oufnot resistivity o(T)=0oo[1+ C,(T/Tg)], where the slope
Figs. 7 and 8. Obviously, at lower densities, near the criticalC, depends on density, must be observed ovesasonable
density for the metal-insulator transitiowhere kel<1),  (a decade or mojerange of temperature satisfying the bal-
higher-order impurity scattering effects become very imporistic constraintT,<T<Tg; (3) the actual temperature de-
tant, and our simple RPA-Boltzmann theory breaks down. pendent conductivity correctionAa/oy=|a(T)— oy|/ 0,
must be very small{o/oy<1) for the leading-order inter-
VI. DISCUSSION AND CONCLUSION actior? theo_ry_ to be app_lic_able. This set of necessary con(_:li-
tions is sufficiently restrictive so that no 2D transport experi-
We have carried out a critical comparison between the fullnent actually satisfies all three conditions except at very
p(T) calculated within the RPA-Boltzmann theory and its high carrier densities where the RPA-Boltzmann theory gives
asymptotic T/Tg—0) linearT approximation, finding that quantitatively accurate resufté.
the linear approximation strictly applies only at very low  Before concluding we discuss the experimental relevance
temperatures, typicallff/Tz<<0.05, at least within the RPA of our (qy,t) scaling prediction and the theoretical relevance
screening theory. In addition, we have provided a qualitativgor validity) of our RPA screening approximation. A cursory
explanation, based on our approximate findiAg(T,n) examination of the available 2D transport data shows that
~Ap(t,qo) Wheret=T/Tr anddqo=0q7r/2kg, for the rela- our predicted scaling ofAp/p, with the parametergy
tive strength of metallicity in various 2D systerfghowing  =qrg/2kg and t=T/T¢ works on a qualitative level as a
in the process that the dimensionless screening paramgter zeroth-order description for GaAs electrons and holes, and
andnotthe dimensionless interaction parametgr provides  also for electrons in Si MOS but only at low valuesTofT
a better zeroth-order qualitative description for the metallic{=<0.2). At higher temperatures phonon scattering becomes
ity trend in various materials We have also carried out a significant®>'®23in 2D GaAs systems whereas in Si MOS
detailed analysis g5(T,n) in the strictly 2D limit(i.e., with  structures, where phonon effects should be negligible, the
the subband form factof=1) and using short-range bare temperature dependence of resistivity at lower metallic den-
disorder. The strictly 2D results are in general quantitativelysities becomes stronger than our prediction for reasons un-
incorrect showing a more prominent linear IGwegime and  clear to us. We note that this systematic underestimation of
manifesting much stronger metallicity than the realisticexperimental temperature dependencept,n) at lower
quasi-2D results. Similarly, the short-range bare disordethighep values ofn (T) in the RPA scattering theory is un-
manifests stronger temperature dependence than the realislikely to be arising from the interaction effects considered in
charged impurity scattering case although they both have thRef. 21 since the disagreement arises in the nonasymptotic
same leading-order temperature dependence. We have alsgime of T/Tg=0.2 where the experimenta(T,n) is
carried out our theoretical transport calculatioim®t pre-  manifestly nonlinear inT/Tg making the theory of Ref. 21
sented in this papgiincluding local-field corrections to 2D inapplicable. We can speculate several possible reasons for
screening by going beyond RR#vhich is exact only in the this unusually strong temperature dependence of Si MOS-
high density or in the high-temperature limiOur results FET's: (1) Somehow the effective Fermi temperatugend
with local-field corrections are qualitatively very similar to the Fermi wave vectorin the system could be smaller than
the RPA screening results presented in this paper except théte nominal Fermi temperatufer the Fermi wave vector
the temperature dependencepdil) is in general somewhat obtained on the basis ¢100 Si inversion layer band mass
weaker. We restrict ourselves to presenting only RPA screerand measured carrier densitgading to enhanced values of
ing results because there is no unanimity in the literaturey, and/ort)—for example, the effective mass could be larger
about the best possible local-field corrections and also bedue to renormalization or the effective free carrier density
cause the temperature dependence of local-field effects are é#maller(e.g., due to trapping by interface defect®) there
general unknown. We point out that recent experiments ateould be additional scattering mechanisiesg., intersub-
tempting to verify the interaction thediy???*have produced band scattering between different valleys in Si, which would
conflicting results mainly because a clear lin@aregime in  be enhanced at higher temperatiirest included in our
conductivity satisfyinglT < T<Tg seems not to exist in low theory;(3) RPA could be failing systematically at higher val-
density metallic 2D system@s we explicitly show for the ues of T/Tg (this is an unlikely scenario since RPA should
screening theory results in this paper any experimentally become a better approximation at higheiT values, and
accessible range of the low-data. One should therefore be going beyond RPA including local-field corrections does not
extremely careful in applying any leading-order asymptotichelp in this respegt
temperature expansion to the 2D resistivity in analyzing ex- We note that we have ignored in this work any damping
perimental data. correction to the RPA screening function arising from the
This caution in comparing 2D transport data with the in-impurity scattering effect. In particular, fof<Ty the
teraction theor§! is particularly warranted in view of the temperature-induced thermal suppression kf 8creening,
minimal necessarybut by no means sufficientonditions  which is crucial in producing the strong temperature depen-
that must be satisfied for such a comparison to be meaningience of resistivity’ at low temperature, becomes com-
ful: (1) The weak temperature constraif§<T<Tg mustbe pletely ineffective since collisional broadening or damping
obeyed so as to be in the low-temperature ballistic limit anceffects induced by impurity scattering already suppresses
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screening afg=2kg. Therefore, forT<Tp we expect the ing to the screening of the long-ranged Coulomb scattering
2D resistivity p(T) to become essentially independéat a  potential to a short-ranged screened disorder. The approxi-
very weak sublinear functigrof temperature. This is, in fact, mation becomes exact only in the limit of high density and
precisely the experimental observation—the stréamgd of-  high temperature, but the 2D metallicity manifests itself only
ten approximately lineartemperature dependence of the for finite values of T/Tg (i.e., for T/Tg extremely smallp
low-temperature resistivity almost always shows a saturatiowloes not show strond dependencég!and as such, RPA
at very low temperatures far<Tp . This damping or broad- should be a reasonable description. We believe that the ex-
ening induced screening suppression Te¢Tp has a more  actness of RPA in the,—0 limit has been overemphasized
subtle effect also. At low carrier densitidg is low andTp in the literature—RPA remains a qualitatively accurate de-
is typically high since scattering effect is strong at low den-scription of metallic systems even for large values ofpar-
sity; therefore at very low densities, a metallic 2D systemticularly at finiteT/T¢) as long as there is no quantum phase
may not manifest strong metallicity because the dampingransition to a non-Fermi-liquid phase. The 2D metal-
induced low-temperature saturation pfT) will be more insulator-transition(2D MIT) being essentially a “high-
important asTp, approached g at low densities. This effect temperature” phenomenon, RPA, in our opinion, is a reason-
is also consistent with experimental observations. We haveble description. The fact that our calculated transport results
discussed elsewheéfehe damping correction to screening in change little by including local-field correctiondeyond
some details in the context of the 2D metal-imulator-RPA) further reinforces the qualitative validity of RPA to this
transition (MIT) phenomenon. In this article we have re- problem. It should, however, be emphasized that like any
stricted ourselves mostly to discussing the balli§tie T other(nonperturbativeuncontrolled approximatiote.g., dy-
regime of 2D metallicity, and as such, we have decided tmamic mean field theoryDMFT), local-density approxima-
ignore the damping correction. The other reason for ignoringion) the quantitative accuracy of RPA is difficult to ascertain
the damping correction is that the precise Dingle temperaturfom a purely theoretical viewpoint. One advantage of the
valueTp to be used in the theory is unknown, and thereforeRPA-Boltzmann minimal transport model adopted in our
it introduces an unknown free parameter which we wish towork is that transport calculations can be carried out for ar-
avoid. Also, our purpose of comparison with the interactionbitrary temperatures and carrier densities with concrete com-
theory of Zalaet al*'is not well served by having the damp- parisons with experimental data. We have carried out one
ing correction since the interaction theory has been explicithsuch comparison with a recent experinférin this paper
developed for the ballistic regime. We do mention, however(Sec. \), and earlier comparisons exist in the
that introducing a Dingle temperature induced damping corliterature'#-161923.262he general conclusion one can draw
rection to the RPA screening function will, in general, reducefrom these comparisons is that the RPA-Boltzmann theory is
the overall temperature dependence of our calculated resis-reasonably successfzgroth-ordermodel for 2D transport
tivity with the low-temperature {<Tp) resistivity showing  properties, providing a qualitativ@nd intuitively appealing
an approximate saturation behavior. explanation for the strong 2D metallicity at low carrier den-
We emphasize that the screening theory produces excedities. As a quantitative theory, however, it is not very suc-
lent qualitative agreement with the existing experimentalcessful at lower densitiegvhich is not unexpectedandad
data and provides a good zeroth-ordeg t) scaling descrip- hoctheoretical refinement®.g., assuming a lower effective
tion, which is all one should expect from the simple Drude-carrier density or larger effective masmay be needed for
Boltzmann RPA-screening theory for a strong-coupling.,  obtaining quantitative agreement with low-density 2D trans-
low carrier density problem. The question of how valid port data. The systematic quantitative deviation of the
Boltzmann theory is for understanding 2D metallicity is aleading-order RPA-Boltzmann theory from the experimental
difficult question to answer. A serious problem in this respectlata on low-density 2D metallic systems could arise from the
is the fact that this is the only quantitative theory that existdarge number of effects left out of this zeroth-order theory
in the literature for studying 2D metallicity, and therefore its which take on significance as the carrier density is lowered,
validity can only be judged posteriorithrough an empirical such as higher-orddibeyond screeninginteraction correc-
comparison with the experimental daf@here is simply no tions, higher-order impurity scattering effects, possible local-
competing alternative quantitative theory in this problem,ization corrections, and various additional scattering pro-
making the discussion of the validity of the RPA-Boltzmanncesses left out of the theof®.g., intervalley scattering, bulk
theory somewhat meaningless—we emphasize in this conmpurity scattering, et¢. What is surprising is not that the
text that the interaction theory of Ref. 21 is not an alternativezeroth-order RPA-Boltzmann theory becomes systematically
theory, it is an extension of the RPA theory to incorporatequantitatively unreliable at lower carrier densities, but the
higher-order quantum interaction corrections within necesfact that this minimal leading-order theory provides such an
sarily a highly restrictive model; the interaction theory ap-excellent qualitative description of the observed 2D metallic-
plies only when the temperature correction to conductivity isity [for example, by explaining the strong variation in
very small and linear.We believe that the RPA screening Ap(T,n)/pg in various systems as arising from the differ-
description should be qualitatively well valid in this problem ence in theqgg, t valueg at all densities and a good quanti-
as long as the dominant disorder in the 2D semiconductotative description at higher densities. This is particularly sig-
systems arises from long-ranged random charged impurityificant in view of the early suggestions made in the
scatteringas is the case here at low carrier densjtig¢bis is  literature in the context of the 2D metal-insulator transition
because RPA is a physically motivated approximation, leadphysics that the strong 2D metallic behavior must be arising
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from some exotic non-Fermi-liquid ground state of the sys-dependence reflecting a possible impurity distributiointhe
tem at low carrier densities. It is now manifestly clear thatath kind with « representing the various possible types of
the apparent 2D metallic behavior arises from standardmpurities which may be present in 2D semiconductor struc-
Fermi-liquid corrections involved in the interplay of interac- tures. For exampleg could denote charged impuritigsr
tion and disorder with screened effective disorder arisingnterface roughnesdocated at the interfacée.g., Si-SiQ
from the temperature-dependent screening of randonnterface for MOSFET'’s, GaAs-AlGaAs interface for GaAs
charged impurities in the system being the main qualitativeheterostructures and quantum wgls impurities in the 2D
source for the strong temperature-dependent 2D resistivityayer itself or remote charged impurities inside the insulator
This high-temperature consequences of the RPA-Boltzmanfwhich could nevertheless scatter the 2D carriers by virtue of
transport theory for 2D carrier systems are discussed in ouhe long-range nature of Coulomb scattejink is, for ex-
companion publicatic?? with the current manuscript focus- ample, known that in low-density Si inversion layers the
ing entirely on the low-temperature transport properties.  dominant scattering arises from the charged impurities lo-
cated at the Si-SiQinterface. In general, however, the dis-
ACKNOWLEDGMENTS tribution of scattering centers in 2D semiconductor systems
) ) is not known, and has to be inferred from a careful compari-
This work is supported by the US-ONR and the NSF-gqn petween experimental transport data and theoretical cal-
ECS. culations assuming various kinds of scatters. Fortunately for
our purpose, this lack of precise knowledge of the charged
APPENDIX impurity distribution is not a crucial issue since, on the quali-
tative level of our interest, all of them give rise to strong
temperature dependence of the resistivity provided the car-
rier density is low enough—the temperature dependence is
= , (A1) the strongest when the impurities are distributed in the bulk
neX(r) of the 2D layer(bulk impurities and goes down as the im-

wherem is the carrier effective mass, and the energy aVerpurities are located furthéremote impuritiesfrom the layer

aged transport relaxation tinfe) is given in the Boltzmann inside 'ghe insulator. In our calcula_tion presented in this paper,
theory by we typically assumes only one kind of scatters parametrized

by a single impurity density to keep the number of param-

The carrier resistivityp in our theory is given by

m

eters a minimum—this impurity density essentially sets the
f dET(E)E( - E) overall scale of resistivity in our results. We emphasize that
(r)= , (A2)  We can obtain good qualitative agreement with almost all the
f dEE( _ ﬁ) existing 2D MIT experimental data by choosing three differ-
JE ent kinds of charged impuritie§.e., interface, remote, and

. . . bulk) parametrized by a few reasonable parameters, but we
where 7(E) is the energy dependent relaxation time, anddo not see much point in this data fitting-type endeavor.

f(E) is the carrier(Fermi distribution function. AtT=0, : : (@) (o = 1 1(@) (-7
f(E)=60(Ex—E), whereEg is the Fermi energy, and then giv'l(;rr:eb;creened impurity potentiaf)(q;2)=u'(q;2) is
<r)zr(EF) giving the familiar result o=p !
=ne“r(Eg)/m. The Fermi energy for a 2D system is given (@) (q-7) = — 1\ (@) (-
by Er=mn#%2/(g,m)=kgTr, where a spin degeneracy of 2 a2 =Le(@] Viml a2, a4
has been assumed, agdis the valley degeneracy of the 2D wherevi(r;'jfj is the bare potential due to a charged impurity
system[g,=1 for GaAs;g,=2 for Si (100 MOSFET’S. and €(q) is the carrier dielectric function screening the im-
We calculate the impurity ensemble averaged relaxatiopurity potential. The bare potential is given by
time 7(E) due to elastic disorder scattering in the Born ap-
proximation: 2mZ(®e?
Vin(@:2)= —=—F{m(a;2), (A5)
1 2 KQq

=— > dzN9(z)|u®(k—k’;z)|? -
B oo ) where Z(®) is the impurity charge strength is the back-
_ _ ground(statig lattice dielectric constant, arfg,,, is a form

* (1~ cosbiu) (B~ B, (A3) factor determined by the location of the imp;)urity and the
whereE(k) =#%2k?/2m is the 2D carrier energy for 2D wave subband wave functiony(z) defining the 2D confinement.
vectork; 6y is the scattering angle between carrier scatter{We do not show the explicit form of the form-facté.,,
ing wave vectork andk’; the delta functiond(E,—E,) here except to note that it reduceshig,,= e 99 for a strictly
assures energy conservation for elastic scattering due ®D layer, wherd y(z)|?>= 5(z), with d being the separation
charged impurities where the screened scattering potential &f the impurity from the 2D layer—fod=0, i.e., when the
denoted byu(®)(q;z) with g=k—k’ as the 2D scattering impurity is in the layerf,,=1 in this pure 2D limit as one
wave vector andz is the quantization or the confinement would expec.
direction normal to the 2D layer. The quantft&“)(z) in EqQ. The finite wave-vector dielectric screening function is
(A3) denotes the 3D charged impurity densityith the z  written in the RPA as

195305-13



S. DAS SARMA AND E. H. HWANG

€(q)=1-v(q)I(q,T), (AB)

where v(q)=v,p(q)f(q) is the effective bare electron-
electron (Coulomb interaction in the system with,5(q)

=27re2/(;q) being the 2D Fourier transform of the usual

3D Coulomb potential,ezl(;r), and f(q) being the Cou-

lomb form factor arising from the subband wave functions

¥(2):

Kt Ki) g-alz-2|
Ks

1 (=~ o
fla)= Ef_mdzf_mdz'l¢(z>|2|w(z'>|2

+

K™ Ki) g-alz+2]
Ks

. (A7)

The second term in EqA7) arises from the image charge
effect due tox; # x5, wherex; and k¢ are the lattice dielec-

tric constants of the insulator and the semiconductor, respe

tively, [with k= (k;+ k¢)/2]. We note that in the strict 2D
limit, when |(2)|2=6(2), f(q)=1.

The 2D irreducible finite-temperatur@nd finite wave
vecton polarizability functionII(q;T) is given by the non-
interacting polarizability(the irreducible “bubble’) function
within RPA:

o II(q;T=0,u’
H(q,T>=§fo gp HET=04)

costt= (u—u')

(A8)

whereB=(kgT) 1. In Eq.(A8) II(q;T=0E) is the zero-
temperature noninteracting static polarizability given by

2ke\?
1- 1- T 0(q—2k|:)

I(q; T=0Eg)=N¢

(A9)

whereNg=g,m/ is the density of states at Fermi energy,

and ke=(2mn/g,)Y? is the 2D Fermi wave vector. The
chemical potential in Eq. (A8) at finite temperaturd is
given by

,u=%ln[—1+exp(,8EF)]. (A10)

We note that the integration in EGA8) is over the dummy
variablew’” which is unrelated to the real Fermi eneifgy of
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the system. For going beyond RPA one would rewrite the
noninteracting polarizability functiohl(q,T) to a model in-
teracting polarizability functiodT;(q,T) which is written

as

II(q,T)
1-v(q)G(q,TIl(q,T)’

where Il is the noninteracting polarizability function de-
scribed above an@(q,T) is a suitable local-field correction
which approximately incorporates correction effects ne-
glected in RPA.

It is now straightforward to see that under the conditions
of strict 2D approximation, no remote impurity scattering,
only one kind of impurity scattering.e., only one value of
Z; and N; characterizing the impurity scattering strength
and no local-field corrections the calculated resistivity

)(T,n) of the system expressed as the dimensionless quan-
ity p/pg wherepo=p(T=0) depends only on the variables
go=0re/2ke [with the 2D Tomas-Fermi wave vectayrg

=2g,mée/(xh?)] andt=T/Tg, where

in(Q,T)= (A1)

—1/2
1

m
Jo*g¥?=n (A123)
K

teT(g,m)n" 1. (A12b)

For our fully realistic calculationgas well as for the experi-
mental system however, this scaling relation, i.e., an exclu-
sive (qq,t) dependence of resistivity, is violated due to the
quasi-2D nature of the systdjire., | 4(z)|?+# 8(2)]; the pres-
ence of the insulataii.e., ks# «;); various types of impurity
distributions in the 2D layer, the interface, and in the insula-
tor; local-field corrections, etc. We note that our calculation
assumes one subband occupancy, i.e., only the ground 2D
subbandy(z) is considered in our work. At higher tempera-
tures(and lower densitigsother (excited subbands may get
occupied by carriers in which case one would have to carry
out a multisubband transport calculation including intersub-
band scattering processes. Such a multisubband generaliza-
tion of the Drude-Boltzmann formalism given above is
straightforward, but the actual calculation @fT) becomes
extremely complicated in this situation, and has only been
attempted recently in one special case by ugere we con-
sidered intersubband scattering between spin-split subbands
in the valance band gf-GaAs 2D hole systems.
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